There is limited evidence linking the impacts of reduced air pollution on hospital admissions. The potential biological mechanisms are still not completely understood. This study examined the effects of mitigated ambient pollution on hospital admissions and inflammatory biomarker levels in chronic obstructive pulmonary disease (COPD) COPD patients. Daily hospital admissions were compared over 51 days associated with the Asian Games period (Nov 1-Dec 21, 2010) with the identical calendar dates of baseline years (2004-2009 and 2011-2013 . Between the baseline period and the Asian Games, daily hospital admissions from non-accidental diseases decreased from 116 to 93, respectively; respiratory diseases decreased from 20 to 17, respectively; and cardiovascular diseases decreased from 11 to 9 during the Asian Games period, respectively. No statistically significant reductions were seen in the remaining months of 2010 in Guangzhou, during the the Asian Games period in the control city, and two other control diseases. Furthermore, we identified significant improvement in CRP and fibrinogen by -20.4% and -15.4% from a preAsian game period to a during-Asian game period, respectively. For CRP, we found significant increases in NO 2 at lag1-3 days after-Asian game period and significant increases in PM 10 at lag1-2 days. Similar effects were also seen with fibrinogen. This discovery provides support for efforts to diminish air pollution and improve public health through human air pollutants intervention. Improved air pollution during the 2010 Asian games was correlated with decreases in biomarkers associated with systemic inflammation in COPD patient participants. 
Introduction and many counties. In 2000, the population of Guangzhou was approximately 13.2 million, representing 1% of China's total population. The target population included permanent inhabitants in the Haizhu District (90.4 km 2 ), which is one of the districts in Guangzhou, with a population of approximately 1.55 million in 2015. Two continuous state-controlled air pollution-monitoring sites were situated in the area. Ambient air pollution in Haizhu district is mainly caused by emissions from automobile exhaust. The predominant air pollutants include NO 2 (nitrogen dioxide), PM 10 (particulate matter, a diameter measuring less than 10μm), and SO 2 (sulfur dioxide).
Daily hospital admissions data
Data on hospital admissions have also been described previously elsewhere [13] . In brief, the data were collected from the Emergency department of the Haizhu District Health Insurance Bureau, managed by a government agency in China. For this study, we first checked emergency visit data from the emergency department; if patients were hospitalized, hospital admissions data were attained. The International Classification of Disease 10th Revision (ICD-10) was used, and total non-accidental and cause-specific hospital admissions, excluding accidents and injuries (A00-R99) were estimated for the study. This included respiratory illnesses (J00-J98, except J00X02-J00X04), cardiovascular illnesses (I00-I99), digestive illnesses (K00-K99), and urogenital illnesses (N00-N99). The study characteristics have been described in detail elsewhere, including ICD-10 diagnosis codes, disease categories, participant ages and sex [9] .
Clinical data
As described in the previous section, we used a panel design for this study, where each participant was required to finish 6 clinical visits: 2 visits before the Asian Games period (Nov 1-Dec 21, 2009), 2 during the Asian Games period (Nov 1-Dec 21, 2010), and 2 after the Asian games (Nov 1-Dec 21, 2011). At the beginning, there were 41 study participants. Five participants who completed only 1 or 2 visits were excluded from the analysis. Data for the 36 remaining participants who attended all 6 visits were used in all data analyses. The included subjects from the GIRD COPD Biobank Project established by Guangzhou Institute of Respiratory Disease and State Key Laboratory of Respiratory Disease, the First Affiliated Hospital Guangzhou Medical University, Haizhu District, Guangzhou, Guangdong, PR, China. Briefly, the study team recruited COPD patients older than 40 years with chronic respiratory symptoms during their first hospital admission resulting from an exacerbation. Blood samples were measured using immunonephelometry for fibrinogen and CRP (Dade Behring Marburg GmbH, Marburg, Germany). All tests were conducted in the translational medicine laboratory of the First Affiliated Hospital Guangzhou Medical University. The study protocol was approved by the Ethics Committee of the First Affiliated Hospital. Informed consent was obtained from all patients before participating in the study.
Air pollution and meteorological data
Ambient pollution data were provided by the Guangzhou Municipal Environmental Protection Monitoring Center. Daily pollutant concentrations in outdoor air were calculated as mean values collected from the two monitoring sites in Haizhu district (Fig 1) . The monitoring sites were automated and provided daily readings of NO 2 , PM 10 , and SO 2 . The color differential optical absorption spectroscopy (DOAS) method was used to assess NO 2 and SO 2 , and β-ray absorption method was used to determine PM 10 . In addition, daily mean temperature and relative humidity were also collected, to adjust for the impact of weather on hospital admissions. The entire monitoring standard is consistent with the International World Meteorological Organization standard (https://library.wmo.int/doc_num.php?explnum_id=4065). The air pollutants mitigated policy, encompassing the Asian Games and Asian Para Games (Nov 1-Dec 21), mainly included transportation restrictions and emissions control from industries. For example, vehicles were only allowed to be driven on alternate days under an even-odd license plate system; heavy duty trucks were forbidden on roads; and industrial factories must be closed [14] .
Statistical analysis
Daily air pollution concentration and meteorological variables during the Asian Games period were analyzed and compared to the baseline period. The student's t test was used to determine whether daily air pollutant concentrations and meteorological variables differed significantly between the two study periods. Repeated measures analysis of variance was used to describe the baseline characteristics for the cohort of 36 COPD patients.The significance level was defined as P < 0.0083 (To control the family-wise type I error rate at a 0.05 level, a Bonferroni correction was applied. With 6 between-period comparisons (2 biomarkers by 3 betweenperiod changes), each individual 2-sided test was considered statistically significant relative to a 0.0083 significance level). To estimate whether any decline in hospital admissions was attributable to lower pollutant concentrations during the 51 days of the 2010 Asian Games (Nov 1-Dec 21), we calculated daily hospital admissions counts during the Asian Games period, and during the same time period for the six years before (2004) (2005) (2006) (2007) (2008) (2009) ) and the three years after (2011-2013). These years before and after the Asian Games are defined as the baseline period. The relationships between air control measures and daily hospital admissions were evaluated using a time series Poisson Regression Generalized Additive Model (GAM). The univariate and adjusted RR (with 95% confidence interval (95%CI)) of hospital admissions from total non-accidental, respiratory, and cardiovascular diseases was calculated to compare the the Asian Games period and the baseline period. Different potential confounding factors were adjusted in the multivariate model. Seasonality and time trends were not measured in the multivariate models, because the intervention period was a very short period only in the winter season [15] . The model is expressed as:
In this expression, u t represents the daily hospital admissions counts; Game was defined as a binary variable that was 1 for the intervention days and 0 for the baseline days; DOW referred to day of week; Holiday was a binary variable indicating public holidays; and COVs were the other potential factors, such as daily mean temperature and relative humidity.
In addition, we estimated each biomarker's change from the baseline period to the Asian Games period, and from the Asian Games period to the baseline period. The biomarkers served as the dependent variable and the time period served as the independent in Mixed-Linear Models (MLM). Bonferroni corrections were used to control the family-wise type I error rate at 0.05. We assessed the change in biomarker concentration associated with a 10 μg/m 3 increase in pollutant concentration using MLM. Then, it was used to estimate the change in biomarker levels related to each 10 μg/m 3 increase in pollutant concentrations during the day before the clinic visit (lag 0), and the previous 6 days (lag 1-6). The mean percentage change and its 95%CIs were calculated for the biomarker associated with each 10 μg/m 3 pollutant increase. Spearman was used to the correlation analysis between Meteorology and air pollutants.
All analyses were performed using the mgcv, gls, and lme package in R-project (version 2.14.1). Table 1 Table 1 ). Daily hospital admissions on cardiovascular disease and respiratory disease decreased from 11 to 9 and from 20 to 17, respectively. This corresponded to an overall 19.25% (P = 0.021) and 14.95% (P = 0.022) decrease in cardiovascular disease and respiratory disease, respectively. Table 2 displays the RR by hospital admission cause, age group, and sex. Confounding factor were adjusted for, including daily mean temperature, temporal trend, public holidays, day of week, and relative humidity. There was a significant decrease in non-accident, cardiovascular and respiratory hospital admissions during the air pollution control period in Guangzhou.
Results
Controlling for potential confounding factors in the multivariate models did not significantly alter these findings. Similar effects were observed in the population for different disease categories (Cardiovascular conditions: Dysrhythmias, Dysrhythmias, Ischemic Heart Disease (IHD), and Peripheral and Cerebrovascular disease (PCD); Respiratory conditions: Pneumonia and COPD), in both sexes, and in all age groups. The daily time series of each measured air pollutant during the Asian Games period and baseline years are provided in Fig 2. It appears that daily NO 2 concentrations significantly decreased during the Asian Games period (P = 0.027), and PM 10 and NO 2 experienced smaller daily variations during baseline years. Table 3 provides the measurements of 24-hour mean pollutant concentrations, relative humidity, and temperature by period. During the Asian Games period, the daily mean NO 2 was 42.63 μg/m 3 , which was a 16.95% decrease compared to baseline conditions (Table 1) . There were no significant decreases in other pollutants (PM 10 and SO 2 ) and meteorological conditions. We demonstrated statistically significant improved CRP levels by −20.4% (95%CI: -21.9% to -18.8%; P = 0.0010) from a pre-Asian game mean of 3.43 mg/L to a during game mean of 2.75 mg/L. Fibrinogen levels improved by -15.4% (95%CI: -18.1% to -12.6%; P = 0.0030) from 4.61 g/L to 3.91 g/L, using 2-sided tests performed at the 0.0083 level (Table 4 ). In the post-game period, when pollutant levels increased, most measurements approximated pre-game levels. CRP and fibrinogen levels both worsened significantly compared to the Asian Games period. We identified significant CRP increases that were related to increases in NO 2 at lag 1-3 and PM 10 at lag 1-2. Similar effects were also seen for fibrinogen (Fig 3) . Description of baseline characteristics for the cohort of 36 COPD patients have been showed in S1 Table. There were no significant differences between different periods (during the 2010 Asian Games compared with the baseline period). We compared the daily hospital admissions during the Asian Games period and the baseline years in the one control city, Xiangyang, Hubei Province (the control city detailed in S2 Table) . There were no significant differences in hospital admissions for non-accidental, respiratory, and cardiovascular diseases.
We also compared the hospital admissions for non-respiratory and cardiovascular diseases (Digestive system: K00-K99; Urogenital system: N00-N99) in the Asian Games period with the baseline years. These diseases were not etiologically related to air pollutants. We found the hospital admissions from non-respiratory as well as cardiovascular diseases did not significantly differ (the control diseases detailed in S3 Table) . We further compared the daily hospital admissions and air pollutant concentration in non-Asian Games months (Jan-Oct, 2010) in the Games year (2010) and baseline years (2004-2009 and 2011-2013 ). There were no significant differences in hospital admissions for non-accidental, respiratory, and cardiovascular diseases (see the control city detailed in S4 Table in supplementary file) . Throughout the study periods, PM 10 , NO 2, and SO 2 were highly correlated (r > 0.69); the three pollutants were moderately correlated with mean temperature (S5 Table) . 
Discussion
This study examined the impact of air quality changes on hospital admissions and blood biomarkers during the Asian Games in 2010 in Guangzhou, China. We concluded that reductions in urban ambient pollutants during the 2010 Asian Games was followed by a drop in hospital admissions for non-accidental, respiratory, and cardiovascular diseases. Moreover, there was a significant relationship between NO 2 and PM 10 and acute systemic inflammation (CRP and fibrinogen biomarkers) in COPD patients. This outcomes persisted, even when we adjusted for potential confounders. During the implementation of the significant pollution control measures for the Asian games, we found moderate to large reductions in PM 10 and NO 2 concentrations, with the exception of SO 2 . In the post-Asian games period, once the pollution control measures were relaxed, the concentrations of these pollutants increased from the during-Asian games levels. Similar changes in pollution levels had also been previously reported for the Beijing Olympics [16, 17] . Corresponding beneficial public health effects have been reported to include reduced childhood hospital admissions for respiratory disease [18] , reductions in respiratory and cardiovascular death rates [6] , reductions in preterm deliveries [19] , and reduced pulmonary inflammation in children [20] . Consistent with previous studies, we also found that lower air pollutant concentrations could reduce hospital admissions (total, respiratory, and cardiovascular diagnoses). A significant number of hospital admissions may be prevented by restricting transportation and controlling emissions from this study. This was consistent with a number of previous findings, although the major air pollutants accounting for the health benefits may differ [6, 21] . In addition, no differences by all ages and sex groups were observed in the present study.
Evidence linking ambient air pollutants to cardiovascular and respiratory health has been accumulating over the past decades. Studies reporting time-series analysis and cohort studies have demonstrated both short-and long-term impacts of air pollution on human health effects [22] [23] [24] [25] [26] . In a previous study, we found positive associations between hospital admissions for non-accidental, cardiovascular, and respiratory symptoms, and ambient exposures. In both single-and multi-pollutant models, NO 2 is considered to be the unique pollutant with the greatest risk of hospital admissions for non-accidental and respiratory disease, especially for patients with COPD [9] . In this study, we further found that there were health benefits (reductions in hospital admissions for both cardiovascular and respiratory symptoms) associated with the air pollution interventions. These were stratified by categories of disease, with significant differences in hospital admissions being observed for IHD, and PCD of Cardiovascular diseases and in Pneumonia and COPD of respiratory diseases, during the 2010 Asian Games period compared with the baseline period. However, these previous studies did not identify the underlying reasons associated with the health benefits linked with the pollution interventions. As such, in the second part of the study, we further examined the potential causes between COPD and air pollutants.
Air pollutants may induce a low-grade systemic inflammatory state, possibly creating some mechanistic explorations [27] . The potential effects of air pollution on respiratory diseases involve the direct effect of air pollutants on the lung, and/or indirect effects that mediated by oxidative stress and pulmonary inflammation. These indirect effects may develop into a systemic inflammatory response [28] . Several panel researchers have found evidence to support these mechanisms in human subjects [29] [30] [31] . However, we identified only one other study that explored the impact of air pollution exposure on systemic inflammation markers in COPD patients [32] . Other studies have mainly relied either on healthy volunteers or cardiovascular disease patients [33] [34] [35] . Based on this study, the one air pollutant of most concern for COPD patients is NO 2 ; these results were similar to a previous study [9] . Given the differences with that study, this research provided a unique opportunity to conduct such a design study, in which air pollution exposure and inflammatory markers were tested at baseline levels (pre-Asian games), following a decrease in pollution concentrations (during-Asian games), and then after an expected return to baseline (post-Asian games). We observed significant improvements in CRP and fibrinogen levels when comparing the pre-Asian game and the during-Asian game period. In the post-Asian game period, when pollutant concentrations were elevated, CRP and fibrinogen were statistically significantly worsened compared to the Asian Games period.
Inflammation is a very important factor in the pathogenesis of respiratory diseases [36] , including these brought about by air pollutants [37] . Evidence suggests that short-term exposure to air pollution could trigger a COPD exacerbation episode, and that long-term exposure to air pollution could contribute to further COPD development and progression [38] [39] [40] [41] . Acute-phase proteins are considered to be crucial biomarkers of systemic inflammation [42] . We measured fibrinogen and CRP on 36 stable COPD patients of Haizhu District for a threeyear cohort study. Serum CRP is a pivotal acute phase reactant, with significant pro-inflammatory properties. It is considered to be a clinical indicator of inflammation. CRP levels are often low in healthy individuals but can increase quickly in response to inflammatory stimuli and other infection [43, 44] . Both in vitro and in vivo animal studies have shown that CRP levels increase following air pollutant exposure; however, studies examining the association of CRP with air pollutants are inconsistent [45] . For example, we identified increases in CRP concentration were associated elevated air pollution. This aligns with earlier field studies: increased CRP have been found in healthy men in Germany during an air pollution episode [46] , and in a Coronary Heart Disease (CHD) cases study [47] , although the pollutant concentrations and the RR of a single pollutant differed. However, similar analyses did not identify any effects in Regina Rucker et al's study [48] . Several observational epidemiology studies have found that increased levels of fibrinogen are related with cardiovascular outcomes or even mortality [49, 50] . We also identified an increase in fibrinogen at lag 1-3 and lag 1-2 for NO 2 and PM 10 , respectively.
In addition, some of the lag-day outcomes shown in the figures are intriguing. The changes in CRP and fibrinogen associated with NO 2 and PM 10 levels increased in the early average lag 1-3 periods. This is consistent with their roles as an acute phase protein [51] [52] [53] [54] . For most markers, a gradual increase in the estimated effects was found in the early lag 0-2 days; then, there was a gradual decrease to often negative effects in later lag days (e.g., elevated pollutants are correlated with decreased biomarker levels). These so-called negative "protective" effects may be the result of compensatory mechanisms, because of the elevated biomarker levels caused by pollutants during the early lags. The overall associations of pollutant-biomarker provides further mechanistic support that changes in biomarker through the Asian game periods were considered to be acute inflammatory responses to the air pollution changes.
Finally, this study did have some limitations. First, the study did not evaluate genetic backgrounds and cigarette smoking, both of which may have underlying influences on daily hospital admissions in the long term. However, the GAM model used did include self-control in the analyses. As such, the impacts of potential confounding factors on the results were largely controlled. Second, given the nature of the Asian Games, the relatively short intervention period and the limited number of air pollution monitoring sites makes it difficult to draw firm conclusions. Finally, unmeasured medical or environmental factors may have significantly influenced our findings.
Conclusion
During the Guangzhou Asian games, diminished air pollution was associated with reduced hospital admissions (for non-accidental, cardiovascular, and respiratory diseases), as well as an acute reduction in CRP and fibrinogen associated with systemic inflammation in COPD. Although the findings may not be clinically significant, this study provides mechanistic evidence to support the theory that ambient pollution might be a global adverse factor for health effects. 
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